This paper presents the fabrication of flow-sensors based on the drag-force induced motion of artificial hairs connected to capacitive read-out. Artificial hairs were made either out of moulded silicon-nitride structures or by SU-8. The SU-8 hairs were suspended on membranes containing electrodes to form the variable capacitors. Silicon-rich-nitride hairs were made using a silicon wafer as a dissolvable mould. The longest SU-8 hairs were fabricated using a 470 pm thick photoresist layer. Capacitance versus voltage, frequency dependency and directional sensitivity measurements have been carried out on entire arrays and are reported in this paper.
INTRODUCTION
Flow velocity can be measured in various ways, e.g. thermally using a hot wire [l] , by measuring the pressure drop in a channel [2] and by measuring the drag force on an obstade to use the so-called plastic deformation magnetic assembly (PDMA) method to erect the hairs out of the wafer plane [6] . In the PDMA process, a magnetic field is used to bend surface micromachined beams. The beams are plastically deformed, so that they remain bent after the magnetic field is removed.
Our research has k e n focused on fabrication of hairs perpendicular to the wafer surface. Two fabrication processes have been investigated. In the first process, a silicon wafer is used as a mould to realize siiicon-richnitride (SiRN) hairs. In this way a high density of hairs can be realized. The second fabrication process uses hairs of SU-8 photoresist. These hairs can be realized on top of a surface-micromachined read-out structure. The total derivative of the energy for this transducer is given by:
MODEL
Here T is the external torque, F the external force (in zdirection and U the voltage over the capacitor. The energy is obtained by partial integration of Eq* l., using the fact that q=C(gz).u. The capacitance depends both on rotation angle and translation.
Since the structure contains basically only three energy buffers the energy function can be relatively easily obtained provided one assumes linear torsional and b-anslational stiffnesses:
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where Eh is a base energy level that is not affected by the transduction process. K accounts for the torsional spring stiffness and D accounts for the translational spring stiffness, It is assumed that translation, z, and rotation, a; are independent of each other. Force balance and torque balance equations are obtained by differentiation of Eq. 3.
with respect to a a n d z:
Tdrag is the drag torque on the hair by the airflow. Since no analytical expression was available for C(a;z), Eq. 4. and Eq. 5. were solved numerically using trapezoid integration over infinitesimal parallel plate subsections. D was calculated from the deflection curve of a beam clamped on both sides, with a point load at the centre of the beam. K was calculated by using Saint-Venant's approximation for a beam under torsion. Fig. 3 . shows the calculated capacitance as a function of constant drag-force on the hair for a gimbal-suspended sensor with a plate diameter of 200 pm and a gap distance of 2 pm for various values of the applied voltage. The higher the voltage the more sensitive the structure is. 
DESIGN AND FABRICATION
Silicon-rich-nitride hairs using Si moulds Between lithography and etching of the chromium layer an ozone step is required for sufficient wetting of the small pores; otherwise the chromium will not etched. Next, the deep holes are realized by DRIE. These holes are then filled by a 1 pm thick low-stress LPCVD silicon-rich-nitride layer. Finally, the silicon bulk is etched away from the backside using KOH so that the hairs on the membrane are released.
From the SEM photographs in Fig. 6 . it can be seen that the cross pattern develops into a circular shape and the star shape into a square. Eventually all mask openings will end up into squares due to the anisotropy of the c10b Si wafer. Due to the RIE lag, depending on hair diameter, hair heights in one run ranged from 100 to 250 micron after 3 hours of DRIE, see Fig. 7 . The flat top and negative tapering indicate that continued etching will result in even longer hairs. Processing of the complete sensor structures with capacitive read out starts with a highly conductive silicon wafer that is used as one of the electrodes of the capacitor. A thin silicon nitride layer of 100 nm is deposited as a protection layer for the underlying silicon. A 1 pm thick LPCVD poly-silicon layer that defines the gap between the membrane and the substrate is deposited (Fig. 9a.) and patterned (Fig. 9b) . Next, a 1 pm LPCVD silicon nitride layer is deposited and pattemed which forms the suspension springs and the moveable membrane (Fig. 9c.) . Chromium electrodes of 20nm are sputtered and patterned on top of the siliconnitride (Fig. 9d.) . A thick $U-8 layer is spin-coated on the surface (Fig. 9e) . First devices had a layer thickness of 200 pm whereas later 470 pm has been achieved. Further optimization to over 1 mm seems possible [7] , Next ( Fig. 99 the SU-8 is illuminated With the hairs pattem and developed. Finally the devices are released by isotropic plasma etching of the poly-silicon sacrificial layer (Fig. 9g) . 
Capacitive sensor structures with SU-8 hairs

MEASUREMENTS
Using an HP 4194A impedance analyzer two types of C-V measurements were done for electrical characterization of the devices: by application of a bias voltage to all electrodes and a bias voltage to half of the electrodes only. The first gives a symmetric electrostatic force towards the silicon bulk and therefore results in a translation directed downwards. The latter results in both rotation and translation of the device. Fig. 11 . shows C-V measurements where the effect of translational and rotational movements can be observed in the change in capacitance, It can be seen that the capacitance change for gimbal-suspended sensors is slightly higher when only half of the device is actuated. This means that the device translates more easily than it rotates. spiralsuspended sensors show an opposite behavior: the changes in capacitance are higher when the device is actuated completely. The characteristics of the flow source, a loudspeaker, have been eliminated by normalization to the particle velocity of the sound wave as measured by a microflown [XI.
Resonance of the sensor was not observed, within the measurement range of 100 Hz, limited by the used loudspeakers (Fig. 13. ). 
CONCLUSIONS
We have shown two processes for fabrication of arrays of hairs for drag force sensing. The fabrication of hairs on a membrane by filling deep etched holes turned out to be more complicated than fabrication of SU-8 hairs on top of a membrane. Highest fabricated SU-8 hairs were 470 microns, but wiIi be even higher in the future. Directivity measurements show an expected figure of eight. Future research will be aimed at further characterization of the hair-sensors, improved sensitivity and higher connectivity.
